Kidney ankyrin repeat-containing proteins (KANK1/2/3/4) belong to a family of scaffold proteins, playing critical roles in cytoskeleton organization, cell polarity, and migration. Mutations in KANK proteins are implicated in cancers and genetic diseases, such as nephrotic syndrome. KANK proteins can bind various target proteins through different protein regions, including a highly conserved ankyrin repeat domain (ANKRD). However, the molecular basis for target recognition by the ANKRD remains elusive. In this study, we solved a high-resolution crystal structure of the ANKRD of KANK1 in complex with a short sequence of the motor protein kinesin family member 21A (KIF21A), revealing that the highly specific target-binding mode of the ANKRD involves combinatorial use of two interfaces. Mutations in either interface disrupted the KANK1-KIF21A interaction. Cellular immunofluorescence localization analysis indicated that binding-deficient mutations block recruitment of KIF21A to focal adhesions by KANK1. In conclusion, our structural study provides mechanistic explanations for the ANKRD-mediated recognition of KIF21A and for many diseaserelated mutations identified in human KANK proteins. . 4 The abbreviations used are: FA, focal adhesion; KANK, kidney ankyrin repeat-containing protein; NS, nephrotic syndrome; ANKRD, ankyrin repeat domain; ITC, isothermal titration calorimetry; r.m.s.d., root mean square; KIF21A, kinesin family member 21A; ANK, ankyrin; Trx, thioredoxin.
Focal adhesions (FAs) 4 are sites attached to extracellular matrix for cell adhesion and migration (1) . Formation of a functional FA requires the proper assembly and disassembly of numerous FA proteins (focal adhesion kinase, talin, kindlin, vinculin, paxillin, etc.) together with actin filaments and microtubules (2, 3) . Recently, kidney ankyrin repeat-containing protein (KANK) family proteins were found to play an important role in bridging microtubules to FAs (4, 5) . The KANK family contains four members in vertebrates (KANK1-4) (6), one member in Drosophila (dKANK) (7) , and one in Caenorhabditis elegans (VAB-19) (8) . All KANK proteins are characterized by an N-terminal 30-residue motif (named KN motif) and a C-terminal ankyrin repeat domain (ANKRD), whereas vertebrate KANKs contain an additional coiled-coil region in the middle (see Fig. 1A ) (9) . As the most studied KANK family member, KANK1 was first identified as a growth suppressor in human kidney tumor cells (10) . Studies suggested that the growth-inhibitory effect of KANK1 is mediated by regulating cytoskeletal actin organization to inhibit cell mobility (11) (12) (13) . Consistently, deletion and down-regulation of the KANK1 gene have been found in many tumors (9, 14 -16) as well as neurological disorders (17, 18) . In addition, hereditary mutations in KANKs lead to nephrotic syndrome (NS), a genetic kidney disease, due at least in part to podocyte dysfunction caused by KANK deficiency (7) . A KANK2 mutation was identified in patients with keratoderma and woolly hair (19) , whereas a genetic variant of KANK4 is associated with corneal dystrophy (20) . Several genetic mutations are located in the ANKRD (Fig. 2 ), suggesting that this domain is important for the functions of the KANK proteins by acting as a target-binding module.
As a scaffold, KANK1 interacts with various target proteins to achieve its functions. KANK1 binds with IRSp53 to negatively regulate cell spreading and lamellipodial development (12, 13) . Cortical localization of KANK1 is mediated by association with liprin-␤1 (5, 21) , and KANK1 is localized to FAs via its binding to talin (4, 5) . In particular, KANK1 recruits the cortical microtubule stabilization complex to FAs via a direct interaction between the ANKRD of KANK1 and kinesin family member 21A (KIF21A) (21, 22) , which regulates microtubule dynamics during developmental processes, such as axon growth (21, 23) . Despite the growing number of known KANK1-binding proteins, the molecular basis governing the target recognition of KANK1 is poorly understood due to a lack of structural information.
Here, we report the crystal structures of the ANKRD of KANK1 both in complex with a 28-residue KIF21A fragment at 1.55-Å resolution and in the apo form at 1.9-Å resolution. The complex structure shows a unique binding mode, mediated by a negatively charged surface patch and a hydrophobic interface of the ANKRD. Mutations disrupting the KANK1-KIF21A interaction lead to the abolished recruitment of KIF21A to FAs. Structural comparison implicates a potential conformational change of the ANKRD upon KIF21A binding. Taken together, our structural, biochemical, and cellular studies of the KANK1-KIF21A interaction provide mechanistic insights into the assembly of the KANK1mediated complex in connecting microtubules and FAs as well as the effects caused by disease-related mutations in KANKs.
Results

Characterization of the interaction between KANK1 and KIF21A
To obtain insights into the KANK1-mediated target recognition mechanism, we first characterized the binding of KIF21A to KANK1. As the main interacting regions of KANK1 and KIF21A were reported to be the C-terminal ANKRD (KANK1_ANKRD) and a short helical region (KIF21A_H), respectively ( Fig. 1A ) (21), these two fragments were expressed in Escherichia coli and purified. Consistent with the previous report, KANK1_ANKRD strongly interacts with KIF21A_H with sub-M binding affinity ( Fig. 1, B and C). As indicated by the isothermal titration calorimetry (ITC)-based assay, the binding stoichiometry is close to 1:1. Formation of the KANK1_ANKRD-KIF21A_H heterodimer was confirmed by analytical gel filtration ( Fig. 1D) .
To identify the minimal binding region of KIF21A, we truncated either N-terminal or C-terminal flanking sequences to KIF21A_H. Based on ITC analysis (Figs. 1C and S1), we determined that the 28-residue region (residues 1142-1169) con-tains the necessary and sufficient elements for the binding of KIF21A_H to KANK1_ANKRD. To understand how this short sequence in KIF21A can be specifically recognized by KANK1, we sought to solve the KANK1_ANKRD-KIF21A_H complex using crystallography. As extensive trials failed to yield any crystals of the complex, we removed flexible regions on both the N-terminal and C-terminal ends of KANK1_ANKRD without affecting its binding to KIF21A_H (Fig. 1C ). By using this KANK1_ANKRD construct (residues 1088 -1338), we successfully obtained high-quality crystals for structural study.
Overall structure of the KANK1_ANKRD-KIF21A_H complex
The crystal structure of the KANK1_ANKRD-KIF21A_H complex was determined at 1.55-Å resolution using a molecular replacement method (Table 1) . Consistent with our biochemical characterization, the complex structure contains one KANK1_ANKRD molecule and one KIF21A_H molecule in each asymmetric unit. As shown in Fig. 3A , the ANKRD contains five ANK repeats (R1-5), capped by an N-terminal helix bundle (␣1-␣5; named R0 hereafter) to form an ␣-solenoid fold (Figs. 2 and 3A). The ANK repeats are similar to each other except for R2, which has a longer sequence and a different conformation at its C-terminal half ( Fig. 3B ). Thus, the C-terminal helix (␣9) of R2 protrudes from the solenoid fold ( Fig. 3A) .
In the complex structure, the KIF21A_H peptide folds as an extended loop in the N terminus and a short ␣-helix in the C terminus to interact tightly with the concave side of the ANKRD (Fig. 3A) . The five ANK repeats are all involved in forming a highly conserved binding groove using their N-terminal helices and hairpin-like connecting loops (Fig. 3 , A and C). Only 15 residues (1154 -1168) in KIF21A_H could be successfully traced in the final structural model (Fig. S2 ). Never- Crystal structure of the KANK1-KIF21A complex theless, the binding of KIF21A_H buries a large surface area of ϳ900 Å 2 on the binding groove of KANK1_ANKRD. This structural finding explains the strong interaction between KIF21A_H and KANK1_ANKRD.
Molecular details of the KANK1_ANKRD-KIF21A_H interaction
Based on the surface properties, the binding groove on the ANKRD can be divided into two parts, site-I and site-II, formed by the repeats R4 -5 and R1-3, respectively ( Fig. 3 , D and E). Site-I contains multiple negatively charged residues, including Glu-1274 KANK1 , Glu-1284 KANK1 , Asp-1306 KANK1 , and Asp-1308 KANK1 , resulting in a highly negatively charged surface ( Fig. 3F ). Complementarily, the N-terminal half of KIF21A_H mainly comprises positively charged residues ( Fig. 3G ). Among these residues, Lys-1154 KIF21A , Arg-1156 KIF21A , and Arg-1157 KIF21A directly form salt bridges with the negatively charged residues on site-I. Although not clearly assigned in the structural model, Lys-1150 KIF21A and Lys-1152 KIF21A may also contribute to the charge-charge interaction as an N-terminally truncated peptide of KIF21A_H lacking these two residues shows diminished binding affinity (Fig. 1C ). Additionally, Arg-1156 KIF21A form a hydrogen bond with Ser-1276 KANK1 to further strengthen the site-I interaction ( Fig. 3D ). Unlike site-I, site-II is relatively neutral in its surface charge (Fig. 3F ). The site-II interaction is mainly mediated by hydrophobic interactions and hydrogen bonds ( Fig. 3E ). In detail, the backbone of the KIF21A_H peptide forms hydrogen bonds with the polar residues, Asn-1171 KANK1 , Asn-1201 KANK1 , and His-1252 KANK1 , in site-II, which places the side chains of Leu-1165 KIF21A and Leu-1166 KIF21A to interact with a hydrophobic surface patch formed by Tyr-1176 KANK1 , Tyr-1205 KANK1 , Leu-1210 KANK1 , Leu-1213 KANK1 , and Leu-1248 KANK1 .
To verify the above structural findings, we generated a series of mutations in either KANK1_ANKRD or KIF21A_H designed to disrupt their interaction. As charge complementarity and hydrophobicity are critical for the interactions in site-I and site-II, respectively, we reasoned that a KIF21A_H peptide carrying charge-reversed mutations (e.g. R1156E) or hydrophobic-tohydrophilic mutations (e.g. L1165Q) would impair its binding to KANK1_ANKRD. Indeed, an ITC-based assay demonstrated that the R1156E variant almost abolishes the binding of KIF21A_H to KANK1_ANKRD, and the L1165Q variant decreases the binding affinity by ϳ20-fold ( Fig. 4, A and B) . Correspondingly, the mutations in site-I and site-II of KANK1_ANKRD (D1306K and L1248Q, respectively) show similar disruptions of binding (Figs. 4C and S1). To further validate this binding mode using the full-length proteins, we performed coimmunoprecipitation experiments by cotransfection of FLAG-tagged KANK1 and GFP-tagged KIF21A in HEK293T cells. Consistent with our findings with the fragments, the binding of KANK1 to KIF21A is disrupted by the R1156E and L1165Q mutations ( Fig. 4D ). Taken together, our structural and biochemical data demonstrate that KANK1 specifically recognizes KIF21A via a combination of the charge-charge interaction at site-I and the hydrophobic interaction at site-II. Given the high sequence similarity of the interface residues in KIF21A ( Fig. 3G ), the binding mode found in our complex structure is very likely to be shared by all vertebrate KIF21A homologues.
KANK1 recruits KIF21A to focal adhesions requiring both of the site-I and site-II interactions
Previously, KANK1 was reported to target KIF21A to the cell cortex as well as FAs (5, 21) . We therefore used a cellular colocalization assay to confirm the binding mode between KANK1 and KIF21A in cells. As a control, cellular localizations of individual full-length proteins were checked when overexpressed in COS7 cells. KIF21A shows diffuse cellular distribution with modest enrichment at the cell edge ( Fig. 5A ). In contrast, KANK1 is mainly found in FA as indicated by colocalization with vinculin, although some diffuse localization at the cell edge is also seen (Fig. 5B ). Line profile analysis further demonstrated that KANK1 concentrated at the lateral border of FA ( Fig. 5C ), fully consistent with previous findings (4, 5) . We next overexpressed GFP-tagged KIF21A together with Rubytagged KANK1 in COS7 cells. As expected, KIF21A colocalized with KANK1 at the FA border ( Fig. 5 , D and E), indicating that KIF21A was recruited to the FA border by KANK1.
Next, we asked whether recruitment of KIF21A to FA by KANK1 is mediated by site-I and site-II. To address this question, we prepared two mutants (R1156E and L1165Q) of KIF21A, disrupting site-I and site-II binding, respectively (Figs. 3G and 4). By overexpressing the two GFP-KIF21A mutants with Ruby-KANK1 in COS7 cells, we found that neither mutant shows significant enrichment at the FA border as indicated by KANK1 (Fig. 5, D and E) . These data indicate that FA localization of KIF21A requires the functional binding interface of the ANKRD; disrupting either the site-I or site-II interaction diminishes the FA targeting of KIF21A. Crystal structure of the KANK1-KIF21A complex Figure 2 . Multiple sequence alignment of the ANKRDs of the KANK family proteins from different species. The species are represented by "h" for human, "m" for mouse, "x" for Xenopus tropicalis, "z" for Danio rerio, and "d" for Drosophila melanogaster. VAB19 is the KANK homologue in C. elegans. Secondary structure elements are labeled above the alignment. Residues that are identical and highly similar in each alignment are shown in red and yellow boxes, respectively. Residues involved in the KANK1-KIF21A interaction are indicated by triangles. Three mutation sites found in genetic diseases are marked by blue circles.
Crystal structure of the KANK1-KIF21A complex Conformational differences in the ANKRD
To determine whether the ANKRD undergoes a conformational change upon binding of KIF21A, we determined the structure of KANK1_ANKRD alone (Table 1) . Structural comparison indicates that the apo form and the KIF21A-bound ANKRD of KANK1 are essentially identical with an overall r.m.s.d. of 0.5 Å except for the last two ANK repeats (R4 and R5; Fig. 6A ). The backbones of the N-terminal helices of R4 and R5 show shifts of 2 and 1 Å, respectively, due at least in part to the charge attraction of Glu-1318 KANK1 to Arg-1157 KIF21A in the complex (Fig. 5B ). This conformational change results in closer packing between R3 and R4 and between R4 and R5, thereby leading to the more compact fold of the ANKRD with bound KIF21A. To test the KIF21A-binding effect on the folding of the ANKRD, we measured the thermal stability of KANK1_ ANKRD in the absence or presence of the KIF21A_H peptide using circular dichroism (CD) spectroscopy (Fig. 6C ). In line with our prediction, addition of the peptide significantly increased the melting temperature (T m ) of the KANK1_ANKRD protein by ϳ2°C. As the KIF21A_H peptide alone shows little CD signal (Fig.  S3 ), we propose that the thermal stability increase is due to the binding-induced conformational change.
We also compared the apo structure of KANK1_ANKRD with the publicly available apo structure of KANK2_ANKRD. The overall structural difference is relatively large (an overall r.m.s.d. of 1.5 Å for 232 aligned residues; Fig. 6D, inset) . Inter-estingly, however, the C-terminal R3-5 regions can be locally superposed with an r.m.s.d. of 0.5 Å for 96 aligned residues (Fig.  6D ). Compared with KANK1, the N-terminal R0 -2 region in KANK2 shows a ϳ6°rotation (Fig. 6D ), presumably due to the different packing in the R2/3 interface. As shown in Fig. 6E , Val-754 KANK2 is substituted in KANK1 by a methionine (Met-1257 KANK1 ), which has a much longer side chain and thereby forces the convex parts of the R2 and R3 repeats to have a larger distance between each other to avoid steric hindrance. The rotation results in a more compact fold of KANK2_ANKRD, which may increase protein stability. Consistently, the ANKRD of KANK2 shows much higher thermal stability (Fig. 6F ). Because Met-1257 KANK1 is strictly conserved in vertebrate KANK1/3/4 ( Fig. 1) , it is likely that KANK3 and KANK4 also adopt the orientation between the N-terminal R0 -2 and C-terminal R3-5 regions observed in KANK1 rather than that in KANK2.
Structural implications of KANK mutations in human diseases
As dysfunctions of KANK proteins are associated with cancers (9, 14), we analyzed publicly available mutation data in various cancer samples (http://cancer.sanger.ac.uk/ cancergenome/projects/cosmic/). 5 Interestingly, somatic can- Crystal structure of the KANK1-KIF21A complex cer mutations appear at higher frequencies in the ANKRD relative to other regions of KANKs (Fig. 7A ), suggesting the importance of the ANKRD for KANK functions. By mapping the missense mutations to the ANKRD, we found that four mutation sites are located in the KIF21A-binding groove (Fig. 7B ). Based on our structural analysis, we predict that these four mutations would disrupt KIF21A binding by disrupting salt bridges and/or hydrogen bonds or by intro- Crystal structure of the KANK1-KIF21A complex ducing steric hindrance. Consistent with this hypothesis, the corresponding mutations in KANK1_ANKRD, E1284K, S1276F, N1201D, and Y1176C (corresponding to E738K in human KANK3 and to S1110F, N1035D, and Y1010C in human KANK1, respectively) hamper the binding of KANK1_ANKRD to KIF21A_H (Fig. 4C) .
Several mutations in KANKs have been identified in multiple human genetic diseases, such as NS and keratoderma (7, 19) . Among these mutations, three sites are located in the ANKRD (Fig. 7A) . Because Tyr-1147 KANK1 and Ala-1173 KANK1 (corresponding to Tyr-801 in KANK4 and Ala-670 in KANK2, respectively) are both involved in forming hydrophobic cores (Fig. 7C) , equivalent mutations are expected to destabilize the folding of KANK1_ANKRD. Indeed, the Y1147H and A1173V mutants show much lower T m values than that of the wildtype protein (Fig. 7D ). We also mutated Ser-1179 KANK1 to a phenylalanine to mimic the disease-causing mutation (S676F in KANK2). Consistent with the observation that Ser-1179 KANK1 is solvent-exposed in KANK1_ANKRD, the thermal stability of the S1179F mutant remains the same as the wildtype protein (Fig.  7D) . Although Ser-1179 KANK1 is close to site-II of the ANKRD (Fig. 3E) , the S1179F mutation does not interfere with the binding of KANK1_ANKRD to KIF21A_H (Fig. 4C) . It is likely that the potential clash introduced by the mutated bulky side chain upon KIF21A binding can be tolerated by adopting a specific side-chain conformation (Fig. 7E ). Further investigation is thus required to understand the effects of this mutation found in NS patients.
Discussion
Accumulating evidence indicates the important scaffolding functions of KANKs in connecting cytoskeletons to specified membrane regions, such as focal adhesions and the cell cortex (4, 5, 9, 13) . In this study, we have solved the crystal structures of the ANKRD of KANK1 and of its complex with the short ANKRD-binding sequence of KIF21A. Cellular recruitment of KIF21A to FAs by KANK1 confirms the regulatory role of KANK1 in the microtubule-FA cross-talk. Our complex structure together with the biochemical and cellular studies reveals the structural basis for the highly specific recognition of KIF21A by the ANK repeats in KANK1, providing a mechanistic explanation of the combinatorial use of the different surface properties of the different ANK repeats as well as the potential effects of several KANK mutations in genetic diseases and cancers. Although the known KANK1-binding targets show varied domain organizations, some of them may share a similar ANKRD-binding mode with that of KIF21A as a short sequence (ϳ20 residues) is sufficient for high binding affinity. Therefore, the binding sequence pattern identified in KIF21A_H, compris- 
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ing several positively charged residues plus some hydrophobic residues (Fig. 3G) , may assist in studying other ANKRD-mediated interactions in the future.
The ANK repeat is one of the most prevalent structural motifs and is found in numerous proteins as a binding module for mediating specific protein-protein interactions (24, 25) . 5 The schematic domain organization is indicated for reference. KN, N-terminal 30-residue motif. B, four somatic mutation sites are mapped to the KANK1_ANKRD structure. The corresponding mutations are also indicated. C, two disease-causing mutation sites are located in the hydrophobic core of KANK1_ANKRD, including the mutations identified in patients with nephrotic syndrome or keratoderma. D, thermal denaturation curves of the wildtype KANK1_ANKRD and its mutants were measured using CD spectroscopy at 222 nm. E, analysis of potential steric clashes in the KANK1_ANKRD-KIF21A_H complex for Ser-1179 KANK1 (E1) and three potential side-chain rotamers of the S1179F mutation (E2-E4).
Although most ANK repeats share a well-defined conformation, the N-terminal hairpin-like loops often vary in their sequences (Fig. S4 ). As the loops are involved in forming the target-binding groove, this sequence variation creates distinct binding environments (e.g. site-I and site-II in the ANKRD) to specifically recognize different parts of the target (e.g. the short binding sequence in KIF21A), providing high binding selectivity and affinity. The combination of multiple sites for target recognition has also been observed in ankyrins that contain 24 ANK repeats (26) , indicating that such combinatorial targetbinding modes may be a general strategy in ANK repeatcontaining proteins.
Despite the high sequence similarity of the ANKRDs in KANKs, KANK4 shows some key differences in the site-I interface residues compared with KANK1/2/3. For example, in KANK4, Glu-1284 KANK1 and Asp-1308 KANK1 are replaced by a histidine and an alanine, respectively (Fig. 2) , resulting in a much less negatively charged surface at site-I (Fig. 8A) . Given the importance of the charge-charge interactions in site-I (Figs. 3C and 5D), it is very likely that KANK4 is not capable of interacting with KIF21A. Consistently, our biochemical analysis indicates that KANK4_ANKRD does not form a complex with KIF21A_H ( Fig. 8, B and C) . As the functional specificities for the four members of the KANK family are poorly understood, our structural analysis provides valuable information for future studies to address isoform specificities.
Experimental procedures
DNA constructs and site-directed mutagenesis
DNA encoding the ANKRDs of KANK1 and KANK4 and the short H region of KIF21A were PCR-amplified from a mouse cDNA library. All coding sequences were cloned into a homemodified vector, pET32a, with an N-terminal thioredoxin (Trx)-His 6 tag for protein expression. The full-length KANK1 and KIF21A constructs for cellular assays were PCR-amplified using plasmids (gifts from Dr. Anna Akhmanova) as template and cloned into mammalian expression vectors containing the GFP, FLAG, or Ruby tag. All point mutations were created using a site-directed mutagenesis kit and confirmed by DNA sequencing.
Protein sample preparation
For the expression of proteins, transformed E. coli C plus cells (Novagen) were grown in LB medium to an A 600 nm of 0.8 -1.0 at 37°C. Protein expression was then induced by the addition of isopropyl 1-thio-␤-D-galactopyranoside (final concentration, 0.2 mM), and cells were further grown for an additional 14 h at 16°C. N-terminally Trx-His 6 -tagged proteins were purified using nickel-affinity chromatography followed by size-exclusion chromatography. For crystallization and CD analysis, the N-terminal tag was cleaved by human rhinovirus 3C protease and removed by size-exclusion chromatography.
Crystallography
To prepare the protein samples for crystallization, the KANK1_ANKRD protein was mixed with synthetic KIF21A_H peptide in a 1:1.2 ratio. Crystals were obtained by the sitting-drop vapor-diffusion method at 16°C. To set up a sitting drop, 1 l of concentrated protein solution (20 -40 mg/ml) was mixed with 1 l of crystallization solution containing 0.2 M ammonium formate and 20% (w/v) polyethylene glycol 3350 for the KANK1_ANKRD-KIF21A_H complex and 0.1 M calcium acetate, 0.1 M sodium acetate, pH 4.5, 10% (w/v) polyethylene glycol 4000 for the KANK1 apo form. Before X-ray diffraction experiments, crystals were soaked in the crystallization solution containing an additional 30% glycerol for cryoprotection. Diffraction data were collected at Shanghai Synchrotron Radiation Facility beamlines BL17U1 (27) and BL19U1. Data were processed and scaled using HKL2000 software.
The initial phase of the complex structure was determined by molecular replacement in PHASER (28) using the KANK2_ ANKRD structure (Protein Data Bank code 4HBD) as the search model. The KIF21A_H peptide was further built into the model. The model was refined in PHENIX (29) . Coot was used for model rebuilding and adjustments (30) . In the final stage, an additional Atomic Displacement Parameters refinement with Translation-Libration-Screw-rotation model (TLS) was performed in PHENIX. The model quality was checked by MolProbity (31) . The initial phase of the apo structure was determined by molecular replacement using the KANK1_ANKRD structure derived from the complex structure as the search model. The model was refined using the same strategy as for the complex structure. The final refinement statistics are listed in Table  1 .
Structural analysis
The binding interface in the complex structure was analyzed using PISA (32) . APBS was used to calculate electrostatic potential of the ANKRDs (33) . Structural models of the ANKRDs of KANK3 and KANK4 were generated by homologue modeling using SWISS-MODEL (34) . All structure figures were prepared using PyMOL.
ITC assay
ITC measurements were carried out on a VP-ITC MicroCal calorimeter (Malvern) at 25°C. All protein samples were dissolved in 50 mM Tris-HCl buffer, pH 7.5, containing 100 mM NaCl, 1 mM EDTA, and 2 mM DTT. Titrations were performed by injecting a protein solution containing KANK1_ANKRD or its mutants at a concentration of 200 -300 M into a solution containing KIF21A_H or its mutants at a concentration of 20 -30 M. A time interval of 2 min between injections was used to ensure that the titration peak returned to baseline. The titration data were analyzed using the program Origin7.0 and fitted by a one-site binding model.
Analytical gel filtration chromatography
Analytical gel filtration chromatography was carried out on an ÄKTA Pure system (GE Healthcare). Protein samples at a concentration of 40 M were loaded onto a Superdex 200 Increase 10/300 GL column (GE Healthcare) equilibrated with 50 mM Tris-HCl buffer, pH 7.5, containing 100 mM NaCl, 1 mM EDTA, and 2 mM DTT. 
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Cell culture and transfection
HEK293T cells and COS7 cells were cultured in DMEM supplemented with 10% FBS, 0.1 mM non-essential amino acids, and 50 units/ml penicillin and streptomycin, respectively, at 37°C in 5% CO 2 . Transfection was performed using Lipofectamine 3000 (Thermo Fisher) according to the manufacturer's instructions.
Coimmunoprecipitation assay
Transiently transfected HEK293T cells were lysed in 50 mM Tris buffer, pH 7.5, 100 mM NaCl, 1% Triton X-100. Immunoprecipitation was carried out using 1.5 g of anti-FLAG antibody conjugated to Protein A/G-Sepharose beads (Sigma), incubated for 1 h at 4°C, and washed three times in lysis buffer. Bound proteins were resolved by SDS-PAGE and subjected to Western blotting.
